4,4-Bipyridine (Sinopharm Chemical Reagent), 2-bromo-2'-hydroxyacetophenone (ENERGY Reagent), All other chemicals were used as received without further purification. Solutions were prepared with sub-boiled water distilled water in an all-quartz apparatus.
Instrumentation.
1 H and 13 C NMR spectra were measured on a Bruker AV 500 MHz spectrometer. TOF mass spectra were collected on an Agilent 6510Q. ESI mass spectra were performed on a Shimadzu LCMS-2020. The elemental analyses (C, H, and N) were obtained on a Vario EL III analyzer. UV−vis absorption spectra were performed with a Puxi TU-1900 spectrometer with a 1.0 cm and 0.1cm quartz cell equipped with a temperature-controlled water bath (25 °C). Pure solvents were used as references. Electron paramagnetic resonance (EPR) spectra were recorded by a JES-FA 200 spectrometer fitted with the DICE ENDOR accessory, EN801 resonator, and an ENI A-500 rf power amplifier.
NH3 and HCl vapor sensor were performed in air at room temperature. NH3 vapor (on top of 25% NH3 aqueous solution) were withdrawed with a syringe, the vapor in syringe were inject on surface of sample or paper from ~5 cm. HCl vapor were taken from 36% HCl aqueous solution. Other experimental procedure were identical to those reported in literature. 1
Synthesis of Compound H4pav·Br2.
4,4′-Bipyridine (314mg, 2 mmol) and 2-bromo-4'-phenylacetophenone (1.08g, 5 mmol) were dissolved in anhydrous DMF (8 mL). The solution was refluxed in a Schlenk flask with a magnetic stir bar for 24 h at 120 °C, then a pale yellow precipitate appeared. 
H3pav
+ in the presence of 1 eq NaOH or less. The 264 and 364 nm peaks decrease with the increase of NaOH and reach a plateau in the presence of 3 eq NaOH as shown in Figure 1 (inset). The pH at 3 eq NaOH is roughly neutral (7.8) indicate the Hpav -species. At 0.5, 1.5, 2.5 and 3.5 eq NaOH, the pHs are 6.46, 6.58, 7.14 and 8.61
respectively, indicate the four pKa. In aqueous solution, the H4pav 2+ (265, 374 nm), and Hpav -peaked at 374 nm.
While H3pav + , H2pav in the between. It should mention that the solution is very pale blue with absorbance <0.05
in ~550nm in the presence of ~2eq NaOH. 
Base Titration in non-Aqueous Solution
The UV−Vis spectra of 1.0 × 10 −5 M H4pav 2+ in the presence of different amount NaOH in DMSO were shown in Figure S3 . The viologen concentration is obviously lower than in Figure S2 . Different from the colorless of 5.0 × 10 −5 M H4Pav 2+ in aqueous solution, 1.0 × 10 −5 M H4Pav 2+ in DMSO is clearly pink with absorbance maximum at 558 nm ( Figure S3 , black line). Gradually adding NaOH aqueous solution (H2O is less than 1% in the whole process), the 558 nm peak increases its intensity (red and blue lines corresponding to 0.25 and 0.5 eq, Figure s3 ).
This peak reaches its maximum at 0.5 eq NaOH. Further adding NaOH, the 558 peak (purple color) shifted to 610 nm in the presence of 1.0 eq NaOH (orange line). The 610 nm peak reach to its maximum in the presence of 1.25 eq NaOH (thick purple line). The 610 nm peak decreases upon further adding NaOH. With the decrease of 610 nm peak, a new peak at 490 nm appeared. The 490, 558 and 610 nm peak intensities with different NaOH eqs are illustrated in the inset figure. Clearly, the 558 (purple), 610 (blue) and 490 nm (orange) peaks, maximum at 0.5, Figure S5 ). Upon adding 0.5 eq NaOD (purple color), the CH2 group split into two signal with 2:1 ratio ( Figure S5 ). This may indicate that one ketone is tautomerized into enolic structure. The enolic OH has signal at 8.3 ppm. The purple-blue color peaked at 610 nm (in 1~2 eq NaOD) obviously lost CH2 and phenol hydroxyl signal due to the proton exchange with solvents.
The UV-vis of H4pav 2+ in DMSO also varies with concentrations ( Figure S4 ). In < 2.0× 10 -6 M, it has 558 and 610 nm peaks. Further increase concentration will decreases the 610 nm peak. 610 nm peak disappeared at 1. The absorption is not only stronger on organic solvents, but also much rich-color depends on base and concentrations (in organic solvents).
1 EPR spectra were investigated to elucidate possible species. Adding bases can deepen the color of the viologen, and the pale blue samples have an EPR signal of free radical at g = 2.00 (Figure s6 ). To further prove that the deep colored species is a viologen radical (~550 nm in aqueous solution), we used the reducing agent sodium hyposulfite. In the presence of a small amount of sodium hyposulfite (∼2 mg), the viologen shows a deeper color with a very strong EPR signal ( Figure S6 ). All of these data indicate that radical cations formed once adding enough base (electron donor) or reducing hyposulfite in aqueous solution, which are consistent with the previous studies. 1, 3 However, the deep colored species in DMSO is EPR silent. Based on the pH titration in aqueous solution ( Figure s2 ) and Figure s3 , the reaction mechanism in DMSO is proposed in Scheme 1. 1.5E 
